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(57) Abstract 

A heat source (17, 18) and detector (19) arrangement for a miiiiaturized, microfabricated instrument (10) in which a polymerase 
chain reaction (PCR) is carried out PGR is a bioanalytical method that uses enzymes and other reagents to amplify DNA or RNA from 
undetectable amounts to very detectable amounts, through a thermal cycling technique. Small IR or UV sources (17, 18) are used as heat 
sources for the PCR thermal cycle of the PCR technique, and sample conformation within the reaction chamber is established by detectors 
(19). Detection can be established when emitted light is absorbed by the DNA molecule, for example, or when a UV source induces 
fluorescence of the PCR products in the visible spectrum. 
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DIODE LASER HEATED MICRO-REACTION CHAMBER WITH 
SAMPLE DETECTION MEANS 
The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the United States 
Department of Energy and the University of California for the operation 
of Lawrence livermore National Laboratory. 

BACKGROUND OF THE INVENTION 
5 The present invention relates to instruments for chemical 

reaction control and detection of participating reactants and resultant 
products, particularly to integrated microfabricated instruments for 
performing microscale chemical reactions involving precise control of 
parameters of the reactions, and more particularly to a Laser-diode based 
10 heated micro-reaction chamber and integrated means of nucleic acid 
detection therein. 

Microfabrication technologies are now well known and 
include sputtering, electrodeposition, low-pressure vapor deposition, 
photolithography, and etching. Microfabricated devices are usually 
15 formed on crystalline substrates, such as silicon and gallium arsenide, 
but may be formed on non-crystalline materials, such as glass or certain 
polymers. The shapes of crystalline devices can be precisely controlled 
since etched surfaces are generally crystal planes, and crystalline 
materials may be bonded by processes such as fusion at elevated 
20 temperatures, anodic bonding, or field-assisted methods. 

Monolithic microfabrication technology now enables the 
production of electrical, mechanical, electromechanical, optical, chemical 
and thermal devices, including pumps, valves, heaters, mixers, and 
detectors for microliter to nanoliter quantities of gases, liquids, and 
25 solids. Also, optical waveguide probes and ultrasonic flexural-wave 
sensors can now be produced on a microscale. The integration of these 
microfabricated devices into a single system allows for the batch 
production of microscale reactor-based analytical instruments. Such 
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integrated microinstruments may be applied to biochemical, inorganic, 
or organic chemical reactions to perform biomedical and environmental 
diagnostics, as well as biotechnological processing and detection. 

The operation of such integrated microinstruments is easily 
automated, and since the analysis can be performed in situ, 
examination is very low. Because of the inherently small sizes of such 
devices, the heating and cooling can be extremely rapid. These smaller 
devices have reduced power requirements and can be powered by 
batteries or by electromagnetic, capacitive, inductive or optical coupling. 

The small volumes and high surface-area to volume ratios 
of microfabricated reaction instruments provide a high level of control 
of the parameters of a reaction. Heaters may produce temperature 
cycling or ramping; while sonochemical and sonophysical changes in 
conformational structures may be produced by ultrasound transducers; 
15 and polymerizations may be generated by incident optical radiation. 

Synthesis reactions, and especially synthesis chain reactions 
such as the polymerase chain reaction (PGR), are particularly well-suited 
for microfabrication reaction instruments. PCR can selectively amplify a 
single molecule of DNA (or RNA) of an organism by a factor of 10* to 
20 109. This weU-established procedure requires the repetition of heating 
(denaturing) and cooling (annealing) cycles in the presence of an original 
DNA target molecule, specific DNA primers, dedxynucleotide 
triphosphates, and DNA polymerase enzymes and cofactors. Each cycle 
produces a doubling of the target DNA sequence, leading to an 
25 exponential accumulation of the target sequence. 

The PCR procedure involves: 1) processing of the sample 
to release target DNA molecules into a crude extract; 2) addition of an 
aqueous solution containing enzymes, buffers, deoxyribonucleotide 
triphosphates (dNTPS), and oligonucleotide primers; 3) thermal cycling 
30 of the reaction mixture between two or three temperatures (e.g., 90-96, 72, 
and 37-55*C); and 4) detection of amplified DNA or RNA. Intermediate ' 
steps, such as purification of the reaction products and the incorporation 
of surface-bending primers, for example, may be incorporated in the PCR 
procedure. 

35 A problem with standard PCR laboratory techniques is that 

the PCR reactions may be contaminated or inhibited by the introduction 
of a single contaminant molecule of extraneous DNA, such as those 
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from previous experiments, or other contaminants, during transfers of 
reagents from one vessel to another. Also, PCR reaction volumes used 
in standard laboratory techniques are typically on the order of 50 
microliters. A thermal cycle typically consists of four stages: heating a 
5 sample to a first temperature for denaturation of the DNA, maintaining 
the sample at the first temperature, cooling the sample to a second lower 
temperature for extension or annealing of the DNA, and maintaining 
the temperature at that lower temperature. Typically, each of these four 
stages of a thermal cycle requires about one minute, and thus to 
10 complete forty cycles, for example, requires about three hours. Thus, due 
to the large volume typically used in standard laboratory procedures, the 

uivuivcu, ao wcuo» tiic ujiuammaaon possiDUines during 
transfers of reagents from one vessel to another, there is clearly a need 
for microinstruments capable of carrying out the PCR procedure, 
15 particularly if the reaction vessel may be disposable. Recently, the cycling 
time for performing the PCR reaction has been reduced by performing 
the PCR reaction in capillary tubes and using a forced air heater to heat 
the tubes. Also, an integrated microfabricated reactor has been recently 
developed for in situ chemical reactions, which is especially 
20 advantageous for biochemical reactions which require high-precision 
thermal cycling, particularly DNA-based manipulations such as PCR, 
since the small dimensions of microinstrumentation promote rapid 
cycling times. The microfabricated reactor is described and claimed in 
copending U.S. Application Serial No. 07/938,106, filed August 31, 1992, 
25 entitled "Microfabricated Reactor", assigned to the same assignee. 

The present invention involves an improvement which 
can be utilized in the reactor of the above-identified copending 
application, but also can be utilized in other miniaturized, 
microfabricated instruments. This invention utilizes an optically-heated 
30 and optically interrogated micro-reaction chamber, such as used in the 
PCR process. The present invention is directed to heating and nucleic 
acid detection in a miniaturized, microfabricated instrument. The 
invention utilizes a miniature heat source, such as an infrared (IR) 
source or an ultra-violet (UV) source, to heat a reaction chamber. Also, 
35 light emitting diodes and detectors are used to confirm the presence of a 
desired sample, such as a DNA molecule or selected dye. There are 
many uses of such optically-heated and optically interrogated micro- 
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reaction chambers. Also, optical energy can be used directly to induce or 
catalyze the reaction (UV/IR cross-linking, polymerizations). In addition 
to IR and UV sources, a visible (Vis) source can be utilized for detection 
and/or monitoring the reaction. 

SUMMARY OF THE INVKNTTOM 
5 It is an object of the present invention to provide heating 

means for an integrated microfabricated reactor. 

A further object of the invention is to provide detection 
means to confirm the presence of a desired sample in a reactor-based 
instrument for inorganic, organic, and biochemical reaction. 
10 A further object of the invention is to provide an optically- 

heated and optically interrogated micro-reaction chamber in which ultra 
violet, visible and infrared spectrums can be used in combination for 
heating, inducing reactions directly, or for detecting reaction progress or 
products. 

15 Another object of the invention is to provide a 

microfabricated reactor with rapid high-precision thermal cycling, using 
a laser-diode based heated reaction chamber. 

Another object of the invention is to provide an IR or UV 
source as a heater in a thermal cycle, such as used in the polymerase 
20 chain reaction (PCR). 

Another object of the invention is to provide a UV heating 
source and a detector for the reaction products in the visible spectrum. 

Another object of the invention is to provide IR, Vis or UV 
light emitting diodes and detectors in an IR or UV heated chemical 
25 reaction chamber to confirm the presence of a desired sample. 

Another object of the invention is to provide a chemical 
reaction chamber in which the ultra-violet, visible, and infrared 
spectrums can be utilized for detection and/or monitoring the reaction 
in the chamber. 

30 Other objects and advantages of the invention will become 

apparent from the following description and accompanying drawings. 
The invention basically involves a bulk-heater source which will 
circumvent the limitations of surface heating which relies on thermal 
conduction of the liquid. The invention utilizes a diode laser that is 

35 designed to emit energy at a selected wavelength to provide a miniature 
heat source for thermal cycling in a chemical reaction chamber, such as 
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used in the PCR process. The invention additionally involves a detector 
arrangement to confirm the presence of desired reaction products. The 
present invention may be utilized, for example, in the integrated 
microfabricated reactor of above-referenced copending application S.N. 
5 07/938,106 to replace the reaction chamber heating arrangement thereof 
and to incorporate sample detection within the reaction chamber, or the 
invention can be utilized with other miniaturized reaction chambers 
such as in the case of synthetic reactions that require heat, light, or 
thermal cycling. Thus, the invention can be utilized in 

10 microinstruments being developed for genetic analysis for the Human 
Genome Project or for forensic analysis based on DNA detection, or 
uuiei miiuaiuiij&eu xiiduumeiiu» iui l/inA/ iCtn a or otner Diomoiecuie 
analysis and detection. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated into 

15 and form a part of the disclosure, illustrate embodiments of the 
invention and, together with the description, serve to explain the 
principles of the invention. 

Figure 1 schematically illustrates an embodiment of a 
heating and detection arrangement for a microfabricated reaction 

20 chamber, such as a PCR chamber, made in accordance with the present 
invention. 

Figure 2 schematically illustrates another embodiment of a 
reaction chamber of an instrument, such as a PCR microinstrument with 
heating and detection means in accordance with the present invention. 
25 Figure 3 is a graph showing laser absorption and tissue 

penetration using wavelength vs. absorption coefficient of the UV-IR 
spectrum. 

DETAILED DESCRIPTION OF T HE PREFERRED EMBODIMENTS 
The present invention is directed to optically-heated and 
optically integrated microfabricated instruments that perform reactant 
30 and product manipulations and detection on microliter to picoliter 

samples. By the selection and integration of appropriate microfabricated 
device, a precise and reliable reaction and analysis instrument for 
reaction-based diagnostics, such as PCR, is implemented. The present 
invention involves heating and detection arrangements for a chemical 
35 reaction chamber. 
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There are many uses of such an optically-heated and 
optically interrogated micro-reaction chambers, which include: organic 
synthesis reactions that use either or both thermally and light-induced 
reactions and detections, bioreactors for biosynthesis (enzymes, etc.), 
photolysis, and photosynthesis. Optical energy can be used to directly 
induce or catalyze the reaction (UV/IR cross-linking, polymerizations). 
It can be used as a micro-incubator for growth of microorganisms for 
bacterial assays in the field. 

The light can be used to heat the reagents to a thermally- 
induced reaction, for example. This would occur in several ways: 1) the 
light heats up the water-based media directly, which works efficiently at 
wavelengths from 1.5-4.0 microns (1500 to 4000 ran) because at these 
wavelengths silicon is a transparent window; and 2) the reaction could 
contain optical absorbers which convert the optical energy to heat, that 
15 will therefore heat the reaction mixture. There are efficient absorbers 
and (converters to heat, such as carbon particles) in the UV, visible, and 
IR spectrums which also are all potentially useful for detection and/or 
monitoring the reaction. Also, thinning would cause less energy to go 
into the walls of the reactor by conduction plus silicon's heat capacity. 

The terms PCR chamber, PCR reaction, or PCR products, are 
used herein only as examples of the reaction chamber and reactions, 
reagents, and products of chemical reactions, due to the PCR process 
being well known. A PCR chamber is basically, in the case of synthetic 
reactions, a chamber that requires heat, light, or thermal cycling. The 
PCR process basically involves control, augmentation, and monitoring 
of chemical reactions. 

The heater arrangement will be first described, followed by a 
description of the detection arrangement. 

The polymerase chain reaction (PCR), for example, is a 
bioanalytical method that uses enzymes and other reagents to amplify 
DNA or RNA, for example, from undetectable amounts to very 
detectable amounts, through a thermal cycling technique. The thermal 
cycling of the reaction mixture is between two or three temperatures, and 
thus the effectiveness of the heater arrangement is of substantial 
importance, whereby the thermal cycling time can constitute a relative 
short time period. 



20 



25 
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The present invention utilizes an IR source as the heating 
source for the reaction chamber and a UV source for detection. By way of 
example, the UV source could be a lamp, the Vis source could be a lamp 
or diode-laser, and the IR source could be a laser diode. Diode-laser, 
5 solution absorbent-based heating of a liquid will provide rapid and 
uniform heat distribution for material in a thermally driven 
chemical/physical reaction chamber. Existing PCR systems heat the 
vessel walls, not the reaction mixture directly. Water, for example, 
absorbs radiant energy effectively at various wavelengths (1.5 pirn to 

10 4.0 nm, for example). A semiconductor/diode-laser which is made to 
emit energy at that wavelength provides a miniature heat source. Such 
a bulk-heater source would circumvent the limitations of surface 
heating, which relies on thermal conduction of the liquid. The heater of 
this invention is a IR diode-laser designed to emit energy at a selected 

15 wavelength so as to effectively heat the specific solution in a PCR or 
other chemical reaction chamber. 

Referring now to Figure 1, a chemical reaction chamber, 
such as a PCR chamber, of a miniaturized, microfabricated instrument, 
generally indicated at 10 is illustrated in cross-section, with the chamber 

20 11 being formed in a housing 12, constructed of Pyrex for example, and 
having a silicon walls 13 and 14 therein, with an inlet 15 and an outlet 
16. Two different laser-diode heating sources are illustrated, one source 
17 being an infrared (IR) source, and the second source 18 being an ultra- 
violet (UV) source. The IR heating source 17 applies heat more 

25 uniformly through the bulk of the solution in chamber 11. The UV 
heating source 18 induces fluorescence of the reaction products in the 
visible (Vis) spectrum, which can be detected by a visible (Vis) detector 19 
located external of the housing 12 defining reaction chamber 11. It is 
understood that housing 12 must be constructed of a material 

30 transparent to UV and/or visible spectrum. 

Figure 2 schematically illustrates an instrument, such as a 
PCR microinstrument 20, having a reaction chamber 21 heated by an IR 
heating source 22 and provided with a diode light source 23 and a solid 
state detector 24. The light source 23 and detector 24 may each be 

35 provided with an appropriate filter. 

Detection of the amplified product in a PCR chamber 
typically requires removing the sample and running it on an 
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electrophoresis gel. Recently, researchers have developed a real-time, in 
situ, method that monitors the about 620 ran emission of Ethidium 
Bromide DNA intercalating dye, during the PCR cycling. (Higuchi et al, 
Bio/technology, Vol. 11, Sept. 1993, pg. 1026). By this invention, and the 
5 use of an optical heating source, detection of the reaction products can be 
obtained in the visible spectrum, as described above with respect to 
Figure 1. Also, by incorporating an integrated excitation and detection 
system in the reaction chamber itself, confirmation of the presence of a 
sample can be obtained (Scientific American, January 1994, pp. 149-150). 
10 The detection arrangement illustrated in Figure 2 utilizes specific light- 
emitting diodes (LEDs) and diode detectors, with or without filters, 
which allow significant miniaturization and integration, and therefore 
an increased efficiency, to allow development of a complete integrated 
miniature instrument, as illustrated in Figure 2. Referring again to 
15 Figure 2, the diode light source 23, such as an LED, emits light which is 
absorbed by the DNA molecule or an intercalating or chemically-linked 
dye. One example is the intercalating dye Ethidium Bromide, which 
absorbs in both the UV (around 300-400 ran) and the visible (500-590 
nm). In one embodiment a green diode (around 540 ran) could be used 
20 as a light source. The detection of the DNA/dye complex is 

accomplished by detector 24 via detection of the emission of light from 
the fluorescent molecular tag. For example, Ethidium Bromide emits 
light around 620 nm, which could be detected with a diode detector. 

One specific example is as follows: The PCR reaction is in 
25 buffered salt water, a wavelength of 1.5 urn is and 380 nm (or 540 nm) to 
fluorescence a Ethidium Bromide dye which intercalates into the DNA 
as it is being made and monitor it at 630 nm. In this way two 
wavelengths are being used, one to heat and one to induce fluorescence. 
Similar approaches, but different wavelengths can be applied to many 
30 other reactions. 

The diode-light source 23 and detector 24 may be provided 
is appropriate interference optical or colored glass filters. For example, 
the filter for light source 23 may be 488 nm + 50 nm; while the filter for 
detector 24 may be 620 nm + 20 nm. 
35 By way of example, the IR heating source 17 operating in 

the 0.7-10.0 urn (700-10,000 nm) wavelength range has an emitted power 
range of 0.1 to 10 watts which can be utilized with materials (reagents, 



WO 96/41864 



PCT/IB96/00631 



10 



solutions, etc) such as aqueous solutions of reactants. Also, by the use of 
certain dyes, the optical heating source can also be used as a light emitter 
which can be detected via fluorescent molecular tagging. By way of 
example, the UV heating source 18 has a wavelength in the range of 0.18- 
0.4 urn (180 nm to 400 nm), with an energy range of 0.1 to 10 watts which 
can be utilized to heat silicon and/or certain converters, but not water. 
The visible (Vis) source operates in the 0.4-0.7 Jim (400-700 nm) range 
and has an energy when used with converters in the range of 0.1 to 10 
watts. Water does not absorb in near UV and visible ranges. 

The following table sets forth detection/heat input and 
detection output for each of the UV, Visible and IR sources: 



15 



Detection/Heat 
Input 



Detection 
Output 



UV (100-400 nm\ 
.Heating of 
absorbants/converters 
.Excitation of 
fluorescent dyes 1 



.Absorption by 



1. 
2. 

3. 
4. 
5. 



Visible (40fr«»nm) 
.Heating of 

absorbants/converters 2 
.Excitation of 
fluorescent dyes 4 
Absorption by reagents 

.Emission of dyes 



IR (O.frA.O fun) 
.Heating of 
water directly 
Sorabsorbants/ 

converters 
.Excitation of 
fluorescent dyes 

.Emission of 
dyes 1 



ETBr, or other DNA intercalating dyes 

Malachite green, carbon black, silicon, other suspended 

absorber materials 

Biological material absorption at 260-290 nm 
ETBr, covalently-bound DNA dyes 
1.5 jxm wavelength 



Figure 3 shows the laser absorption and tissue penetration 
20 using an Ho:YAG laser by wavelength vs. absorption coefficient, and 
which illustrates the water heating at 1.5 Jim and above. 

By the use of diode-laser heating sources and excitation and 
detection arrangements for the reaction chamber a micro-reaction 
chamber would allow the real-time, integrated detection of DNA when it 
25 is being produced by a chemical reaction such as the PCR technique 

■ within the microfabricated chamber. Such a combination of heating and 



WO 96/41864 



PCT/IB96/00631 



-10- 

detection arrangements will advance the state of miniaturized, 
microfabricated instruments. 

It has thus been shown that by the use of laser-diode 
heating source alone or in combination with light detecting 
5 arrangements, the present invention enables rapid and uniform heating 
for the thermal cycle of a chemical reaction, such as the PCR procedure. 
The heating sources, under certain circumstances additionally function 
as a light emitting source for excitation and detection via light absorbed 
by the DNA/dye. By the integration of the heating/detection 
10 arrangements of this invention into a PCR microinstrument, for 
example, uniform rapid heating and real-time detection can be 
accomplished. 

While particular embodiments, materials, parameters, etc 
have been illustrated and/or described to set forth examples and a full 
15 understanding of the invention, such are not intended to be limiting. 
Modifications and changes may become apparent to those skilled to the 
art, and the invention is to be limited only by the scope of the appended 
claims. 
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CLAIM? 

L In a microfabricated instrument having a chamber for 
control, augmentation, and monitoring of chemical reactions, the 
improvement comprising: 

a heating source for heating said chamber selected from the 
5 group consisting of an infrared source and an ultra-violet source. 

2. The improved instrument of Claim 1, additionally 
including means for confirming the presence of a sample in said 
chamber. 

3. The improved instrument of Claim 2, wherein said 

10 means comprises a light emitting means and a detector means, using a 
light spectrum selected from the group of ultra-violet, visible, and 
infrared ranges. 

4. The improved instrument of Claim 3, wherein said 
heating source comprises said light emitting means for said means for 

15 confirming the presence of a sample in said chamber. 

5. The improved instrument of Claim 4, wherein said 
heating source is an ultra-violet source and said detector means is a 
visible detector. 

6. The improved instrument of Claim 3, wherein said light 
20 emitting means comprises a light-emitting diode, and wherein said 

detector means comprises a solid state diode detector. 

7. The improved instrument of Claim 1, wherein said 
heating source is an infrared source emitting power in the range of 0.1 to 
10 watts, with a wavelength of 0.7 to 10.0 \sm. 

25 8. The improved instrument of Claim 1, wherein said 

heating source is an ultra-violet source with a wavelength of 180 nm to 
400 nm. 

9. The improvement of Claim 1, wherein said heating 
source is a visible source with a wavelength of 400 nm to 700 nm. 
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10. In a microfabricated reactor using thermal cycling of a 
reaction mixture between two to three temperatures, the improvement 
comprising a diode-laser heating source* 

11. The improvement of Claim 10, wherein said diode-laser 
5 heating source is selected from the group consisting of an infrared source 

and an ultra-violet source. 

12. The improvement of Claim 10, additionally including 
means for excitation and means for detection of a material in the 
reaction mixture. 

10 13. The improvement of Claim 12, wherein said heating 

source comprises said means for excitation. 

14. The improvement of Claim 12, wherein said means for 
excitation comprises a light-emitting diode. 

15. The improvement of Claim 14, wherein said means for 
15 detection comprises a diode detector. 

16. The improvement of Claim 13, wherein said means for 
detection comprises a visible spectrum detector. 

17. The improvement of Claim 10, wherein the diode-laser 
is composed of a UV, VIS, and IR source cable of use in combination for 

20 heating, inducing reactions directly, or for deleting reaction progress or 
products. 

18. A diode-laser based heated micro-reaction chamber, 
using direct or indirected optical heating, wherein said diode-laser is 
selected from the group consisting of an infrared, visible, and ultra- 

25 violet heating source. 

19. The micro-reaction chamber of Claim 17, additionally 
including an integrated excitation and detection system in the micro- 
reaction chamber. 

20. The micro-reaction chamber of Claim 18, wherein said 
30 integrated excitation and detection system is composed of an ultra-violet 

heating source and a visible spectrum detector. 

21. The diode-laser based heated micro-reaction chamber of 
Claim 17, wherein the indirect optical heating utilizes 
absorbents/converters selected from malachile green dye and carbon 
particles. 
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